A new spectrophotometric enzymatic method for the determination of total phenol content in tea and wine has been developed. The method is based on the peroxidase-catalyzed oxidation, by hydrogen peroxide, of phenols to phenoxyl radicals, which can react with aromatic substrates to form intensely colored adducts. In comparison with the widely used Folin-Ciocalteu method, this method appears to be more specific and more rapid and as a whole is not affected by the common interfering substances such as ascorbate, citrate, and sulfite. Numerous samples of teas and wines were analyzed by using the new method, and the results compared with those obtained by using the Folin and scavenging of DPPH methods. The differences of the total phenols content found by applying the three methods are discussed in terms of the different specificities of the analytical basis.
INTRODUCTION
It has been established, as a result of numerous studies, that a correlation exists between epidemiological states and diets rich in fresh fruits and vegetables, which contribute decisively to the reduction of the risk of cardiovascular diseases and some types of cancer (1) (2) (3) (4) (5) . The active components of the diet that contribute to these protective effects are the antioxidant nutrients, and more recent research emphasizes the important and additional role of the polyphenolic components of plants (6) (7) (8) (9) (10) .
In particular, it has been demonstrated that considerable antioxidant properties in vivo and in vitro have been found in wine and tea, the two most important beverages in the world containing considerable amounts of polyphenols (11) (12) (13) (14) (15) (16) ; among the compounds displaying these properties is resveratrol, a stilbene with anticarcinogenic and antitumor properties (17) (18) (19) . The total phenolic content of food is therefore an important parameter of their antioxidant properties (5, 20) . The usual determination of total polyphenolic content is achieved using the Folin-Ciocalteu procedure of Singleton (21, 22) , which is also adopted by the European Communities for wine analysis (23) . This method is based on the chemical oxidation of the reduced molecules by a mixture of the two strong inorganic oxidants phosphotungstic and phosphomolybdic acids.
The total polyphenol content is therefore currently determined on the basis of the nonspecific redox reactions, which can be affected by other nonphenolic reducing molecules present in the samples (24) . All of the other analytical methods reported, and in particular the radical scavenging activity, highperformance liquid chromatography with ultraviolet-visible detection, chemiluminescence, and fluorescence methods, appear to be expensive, time-consuming, and often not very suitable for routine determinations (25) .
In the present study we propose a new enzymatic method for the determination of the total polyphenolic content in foods and beverages. In comparison with Folin, the enzymatic method offers the advantages of a briefer measuring period, a greater specificity toward the polyphenols, and the almost total absence of the common interferences.
The new method was applied to determine the total polyphenolic content of 12 teas and 39 Italian red and white wines. The results were compared with those obtained by applying the Folin and the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging methods (26) .
MATERIALS AND METHODS

General Experimental
Procedures. R(+)-Catechin, DPPH, 4-aminoantipyrine, hydrogen peroxide, Folin-Ciocalteu reagent, and the other reagents were purchased from Sigma and were used without further purifications. Horseradish peroxidase (HRP) donor:hydrogen peroxide oxidoreductase, EC 1.11.1.7 type II, was supplied by Sigma also.
Spectrophotometric and electronic paramagnetic resonance (EPR) measurements were carried out by a Beckman DU 640 and a Bruker ER 200 D instrument, respectively.
All measurements were carried out in triplicate. Folin-Ciocalteu Method. The total phenolic content (TPC) by the Folin-Ciocalteu reagent was carried out according to the procedure reported in the literature (22) (23) (24) with the following variations that we verified do not change the final result. In a spectrophotometric cuvette, to an aliquot of 20 µL of tea infusion or wine (eventually diluted 1:5) were added in succession 150 µL of Folin-Ciocalteu reagent, 600 µL of a 15% Na 2CO3 solution, and distilled water to a 3000 µL final volume. After 2 h, the absorbance increase was measured at 784 nm and the concentrations of TPC, expressed as catechin equivalent (CE), were determined by a calibration curve graphed following the same procedure and using R(+)-catechin as standard polyphenol. A molar absorbance of 17800 M -1 cm -1 was adopted.
DPPH Scavenging Method. The scavenging effect of antioxidant molecules on the DPPH radical signal was evaluated by EPR measurements (26) . In a typical determination, 100 µL of 10 µM R(+)-catechin in potassium phosphate buffer, 0.1 M and pH 7.0, was incubated for 12 min with 100 µL of an ethanol solution of 250 µM DPPH. The values of ∆h/h0, where ∆h is the decrease of the signal intensity and h0 the intensity measured in the absence of R(+)-catechin, graphed versus the R(+)-catechin concentration give a straight line in the range concentration of 3-9 µM. The determinations of the polyphenol content in beverage samples were carried out by diluting the samples until they reached this concentration range; the resulting values are expressed as catechin equivalent (CE).
EPR measurement conditions were as follows: magnetic field, 348.0 mT; microwave power, 12 mW; modulation, 0.25 mT; room temperature; sweep time, 200 s.
Tea and Wine Samples. Eleven commercial green and not green teas from Camellia sinensis and one rooibos tea (sample 9) from Aspalatus linearis were investigated.
In Table 1 , denominations, origins, packaging, and some notes obtained from the commercial packaging of the teas are reported. As shown, the powder amount per bag varies; furthermore, the suggested procedures for the infusion preparation depend on the manufacturing. To obtain comparable data, we adopted the following standard procedure:
One gram of tea powder was infused for 4 min in 100 mL of distilled water at the initial temperature of 95°C. Subsequently, the infusions were filtered and immediately analyzed to prevent natural oxidations.
In the case of the wines, we analyzed 39 samples in all, 22 reds, 16 whites, and 1 rosato, purchased by stores or supplied by wine vaults. All measurements were carried out on wine samples from bottles that had just been uncorked.
All wines were DOC (denominazione di origine controllata, officially checked and approved), produced in five different zones of the Veneto region (Italy), as shown in Table 2 , where year of production, alcoholic grade, and typology are also reported.
RESULTS
Enzymatic Method for Total Polyphenols Determination.
The enzymatic method we propose for the total (poly)phenolic content determination takes inspiration from the classic Trinder reaction. In its original version, this method is used for the spectrophotometric determination of hydrogen peroxide and is widely applied to determine the H 2 O 2 (27) also produced by a principal reaction, for example, catalyzed by an oxidase (28) .
In the presence of peroxidase, hydrogen peroxide reacts with phenol(s) and 4-aminophenazone (4-AP), which is colorless, to give a colored compound, the absorbance of which is proportional to the amount of H 2 O 2 present in the sample, according to the following reaction (29): On the basis of the reaction mechanism, the oxidized form of the enzyme, generated by the hydrogen peroxide, reacts with phenols, forming phenoxyl radicals, which, after diffusion from the active center of the enzyme, can react with further aromatic substrates (30) . In the presence of a large excess of 4-AP, phenoxyl radicals rapidly react with the aromatic amine group, giving the quinone-imine colored product, characterized by high molar absorbance.
In general, little selectivity is shown by the enzyme; in fact, it has been found that a great number of phenols can act as aromatic donor molecules (31, 32) . Also, flavonoids containing phenol B rings (33) and in general dietary polyphenols (34) can be oxidized by peroxidase/H 2 O 2 to give reactive aryloxy radicals.
In fact, it has been reported (29) that when the para-position of the phenol is occupied, the reaction with 4-AP takes place in the ortho-position. We confirmed these results by checking the peroxidase-catalyzed chromatic reaction with chemically different phenols substituted in the para-position (gallic acid, catechol, ferulic acid, vanillic acid, resveratrol, and p-cresol) and flavonoids (catechin, kaempferol, and quercetin). In all of these cases, an intense and permanent absorption band around 500 nm rapidly appears, similar to the one reported for catechin (Figure 1) .
In particular, we observed that the molar absorbance value of the flavanol R(+)-catechin, which presents two separated phenolic rings characterized by ortho and para free positions, is in agreement not only with that measured for the flavonols quercetin and kaempferol but also with the values obtained for phenols such as dimethylphenol or catechol, the molar absorbances of these substances ranging between 4500 and 5900 M -1 cm -1 . These data seem to indicate that each molecule can form only one phenoxyl radical, which is the fundamental step of the antioxidant properties of polyphenols, probably because the oxidized product, sometimes characterized by higher structural complexity, with more difficulty can lose further electrons.
From Figure 2 , where the time courses of the colored compound formation at different catechin concentrations are reported, it appears that, under our experimental conditions, the reaction ends after 1 min at room temperature and up to 200 µM catechin concentration. Furthermore, the final absorbance values remain stable over 5 min.
Under our experimental conditions, and in particular with reference to the above-reported reaction time, we verified that the H 2 O 2 -dependent horseradish peroxidase oxidation of R(+)-catechin (35) appears to be negligible (data not shown).
Utilizing the data of Figure 2 , recorded 2 min after the start of the reaction, a straight-line calibration graph was obtained in the range of 10-200 µM catechin, characterized by a correlation coefficient of 0.9965 (insert of Figure 2) . From this, a molar absorbance of 5900 M -1 cm -1 , using R(+)-catechin as standard polyphenol, was calculated. Furthermore, no variation of the calibration graph was observed when absorbance values recorded at 5 min rather than 2 min were used.
The experimental data are reproducible when the usual experimental errors are taken into account, and the method appears to be rapid and suitable for the determination of dietary polyphenol contents in different samples, such as tea and wine.
In the wine sample analysis, we found that, with regard to the wine variety, the time reaction is longer than 1 min, probably because the different polyphenols present in the real samples react with different rates as a consequence of the their chemical structures. After a number of experimental investigations, in which different red and white wines were used, a time of 5 min was adopted for the measure of the TPC. Furthermore, identical results were obtained using sodium perborate instead of hydrogen peroxide.
In a typical experiment, in a 3 mL spectrophotometric cell, 100 µL of red wine or fresh tea infuse (300 µL of sample was used in the case of white wine) was added to a 0.1 M potassium phosphate-buffered solution, pH 8.0, containing 3 mM 4-AP, 2 mM H 2 O 2 , and 0.33 µM HRP. The absorbance value was read at 500 nm after 5 min, when the reaction was ended.
The response linearity was checked by measuring the absorbance value of solutions containing variable amounts of a red (sample 6) and a white (sample 28) wine in the ranges 10-250 and 50-500 µL, respectively, also in the presence of known amounts of catechin.
In both cases, a straight line with a correlation coefficient of >0.993 was obtained (Figure 3) . Furthermore, applying the above-reported experimental conditions, we verified that the catechin concentration range of the calibration graph (Figures  2 and 3 ) turns out to be suitable for the determination of the different CE values of all the samples we analyzed (teas and red and white wines).
As in the presence of enzyme inhibitors a deviation from linearity is expected, because the residual enzyme activity is not enough to catalyze the total conversion of the substrates within the fixed time; these results demonstrated that no enzyme inhibition by complex plant extracts takes place under our experimental conditions. Probably the possible natural proteins precipitating polyphenolics do not affect the peroxidase enzymatic activity owing to the dilution of the real sample.
In light of the above-reported results, we applied the enzymatic method proposed for the determination of the TPC in different samples of tea and wine and compared the results with those obtained by using the Folin-Ciocalteu (22) and quenching of the DPPH EPR signal methods (26) . From the absorbance values obtained for real samples, utilizing the calibration graph of Figure 1 , we can express the TPC as catechin equivalent molarity (CE).
Analysis of Teas. In Figure 4 are reported the amounts of TPC for the tested teas in terms of CE as obtained with the three methods.
From the experimental data, it is possible to state the following: (i) The different methods give an extraordinary equivalence of results, supporting the validity of the enzymatic method here proposed. Furthermore, a correlation coefficient of >0.9 was obtained by comparing the three series of data.
(ii) With the exception of the samples 4 and 9, all of the teas present a CE amount of polyphenols varying in the range of 3-6 mM. Furthermore, no significant difference is seen on the average CE value of green and nongreen teas, as is obvious by comparison of samples 10-12 with samples 5-8. These results indicate that the so-called "fermentation" in black tea induces biochemical transformations of tea flavonoids in theaflavins and thearubigens without modification of the overall antioxidant capacity of the infusion, according to previously reported results (36) .
(iii) The lowest amount of CE of the samples 4 and 9 can be attributed to the particular nature of the beverage, that is, infusion of detheined tea in the first case and of Aspalathus linearis (rooibos) in the second.
Analysis of Wines. In Figures 5 and 6 the CE values for 23 red and 16 white Italian wines, respectively, analyzed by applying the three analytical methods, are reported.
From the two figures the following conclusions can be drawn: (i) In the analysis of all the wines, the three methods give different results and, in particular, the CE values obtained by applying the Folin method appear to be generally higher than those obtained by the EPR method, whereas the enzymatic one gives intermediate results; that is, for the same sample it concludes that CE Folin > CE enz > CE ESR .
(ii) Notwithstanding this, when the three series of data were compared, correlation coefficients ranging from 0.85 to 0.95 were obtained for red wines, whereas in the case of the white wines, the corresponding values vary between 0.70 and 0.81.
(iii) Independently from the method used, the red wines show CE values about a magnitude of order higher than those relating to white ones, according to Dreosti (36) .
(iv) The anomalous low values obtained for samples 21 and 3 are probably due to the particular vintage of these two wines, that is, a limited maceration time needed with grapes for the Tocai Rosso and the utilization of the white grape Garganega up to 15% of the total in the case of Bardolino Chiaretto, as indicated by the protocols of the DOC Italian wines (37) .
(v) Different TPCs measured for the same variety of wine (i.e., Cabernet) of different years does not mean that we can attribute the behavior of the TPC to aging, even if a decrease of detectable polyphenols seems to appear, in particular, for samples 8-11. The aging, in fact, promotes the chemical oxidation of polyphenols to quinones and insoluble brown polymers (38) .
Evaluation of Interferences. It has been reported that, between the nonphenolic compounds, ascorbate and sulfite are important potentially interfering substances on the TPC determination by the Folin-Ciocalteu method (24) . Both contribute to increase the absorbance value, reacting with the Folin reagent and, if not correctly subtracted, give an overestimated TPC value.
We verified these interfering substances on the enzymatic method comparing the results with those obtained applying the Folin-Ciocalteu one. In particular, 3 mM ascorbic acid, citric acid, or sulfite was added to a red wine sample, and the TPC values, expressed as CE, were measured following the abovereported procedures ( Table 3) .
From the experimental data it appears that the enzymatic method is not affected by the presence of 3 mM ascorbate or citrate, whereas a decrease of ∼6% in the CE content was found when 3 mM sulfite was present in the wine. On the contrary, all three substances interfere with the TPC determination by the Folin method; in particular, the CE values increase 11% with sulfite, 13% with citrate, and 39% of ascorbate.
We also verified the contribution of the oxidation of red pigments present in red wine on the total absorbance of the chromatic reaction. In fact, the enzymatic oxidation of the anthocyanins, which show an absorbance maximum at 520 nm, gives an optical density increase at 500 nm. Comparing the initial rates at 500 nm of the peroxidase-catalyzed oxidation of the anthocyanins and of the chromatic reaction we propose, we found that the second is ∼10 times higher than the first. The highest kinetic constant of the chromatic reaction and the large excess of 4-aminoantipyrine with respect to the anthocyanins in the reaction cell direct the reaction toward the chromatic one, and therefore the final absorbance value is mostly due to the analytic reaction. In conclusion, for this type of measurement, the error due to the red wine oxidation pigments appears to be negligible.
DISCUSSION
It is well-known that the antioxidant properties of the polyphenols are correlated with the delocalization, on the aromatic ring, of the phenoxyl unpaired electron, which stabilizes the free radical.
The peroxidase-catalyzed formation of the phenoxyl radicals and their quantification by the measure of the quinone-imine colored product, guaranteed by the specificity of the peroxidase toward the phenolic structures, appears to be a suitable measure of the antioxidant properties of polyphenols.
These considerations are supported by the extraordinary coincidence of CE values obtained for the green tea. These results indicate that all three methods measure the same substances present in the samples, which are catechins and their derivatives (26) . On the other hand, the differences for the same sample of the CE values evidenced by the three methods in the case of the red and white wines, and partially also for nongreen tea, indicate a different specificity for different classes of substances. In fact, the Folin-Ciocalteu method is based on the oxidant power of phosphotungstic and phosphomolybdic acid to oxidize a great number of reduced substances present in the sample other than polyphenols, such as ascorbate and sulfite, which are not present in the tea samples.
Therefore, the method appears to be hardly specific, and a correct measure of the natural polyphenols present in the wines requires laborious pretreatments of the samples to eliminate the reducing interferences (24) .
We compared the enzymatic method with the quenching of the DPPH EPR signal. Although a simpler similar spectrophotometric method, based on the quenching of DPPH absorbance, is available (39, 40) , we adopted the magnetic resonance one as a comparison method because this different technique avoids the weaknesses of the spectrophotometry, such as the possible inaccuracy due to the turbidity of the sample or to the absorbance of the reaction products. In fact, the reduced DPPH at 518 nm has a molar absorbance which is ∼15% of that of nonreduced DPPH.
In the case of the method based on the quenching of the DPPH EPR signal, the monoelectronic redox reaction involved appears to be strictly correlated to the presence of three and, to a less extent, two free hydroxyl groups in the galloyl moiety attached to flavan-3-ol at the 3-position as well as the orthotrihydroxyl group in the B ring of catechins (26) , whereas the meta-hydroxyl groups of the A ring are not involved in the decrease of the EPR signal. Therefore, polyphenols, which do not present the characteristics above-described, are not revealed by the EPR method, even if they present antioxidant activity. Furthermore, we found that the DPPH quenching redox reactions are not always quantitative reactions but are sometimes equilibrium reactions (data not published).
It must be stressed that the variation of the molar absorbance of the compounds, which, in principle, should lead to concentration errors, is actually lessened by the fact that wines and teas are mixtures of relatively stable compositions, as demonstrated empirically by the coherence of data produced by the Folin and enzymatic methods.
In conclusion, the above-reported considerations totally justify the CE values obtained by applying the proposed method to the wines analysis, which are intermediate between those of the nonspecific Folin method and those of the strictly specific EPR method, and support the reliability of the enzymatic method we proposed for the correct determination of total phenolic content. 
